ABSTRACT: Echinoderm regeneration provides a convenient and tractable test to monitor the effects of persistent micropollutants on the developmental physiology of marine animals. Regeneration involves crucial and sensitive biological processes (cell proliferation, morphogenesis, differentiation, tissue renewal) that make it an ideal tool to assess micropollutants at the tissue and cellular level. Our results provide evidence that the regenerative response in the crinoid Antedon mediterranea is especially sensitive to PCBs and that exposure to these chemicals induces significant variations in timing and modality of arm regeneration. Prolonged exposure to low concentrations of Aroclor ® 1260 (14 ng l -1 of total PCBs), typical of moderately polluted coastal zones, results in abnormal arm growth in terms of both gross morphology and microscopic anatomy. In terms of tissue/cellular aspects the main modifications are: accelerated growth of the regenerate; massive cell migration/proliferation; hypertrophic development of the coelomic canals; and, extensive rearrangement of differentiated tissues of the stump. The anomalies observed in the developmental regenerative processes appear to be compatible with a pattern of pseudo-endocrine activities.
INTRODUCTION
Polychlorinated biphenyls (PCBs) are commercial products widely used as heat transfer fluids, hydraulic fluids, flame retardants and dielectric fluids because of their unique properties, which include resistance to biological and chemical oxidation, and nonflammability. The widespread use of PCBs, coupled with improper disposal, has led to significant contamination in developed countries and, more recently, to global pollution (Wania & MacKay 1993 , Galassi et al. 1997 . These persistent and ubiquitous micropollutants are well known for affecting the natural environment because of their bio-accumulation in organisms, and they are popularly called 'gender bender' chemicals due to their typical effects as 'endocrine disrupters' (EDs) (Colborn & Clement 1992 , Fairley et al. 1996 , Gray et al. 1996 . In this respect they interfere synergistically or antagonistically with steroid hormone activity/metabolism and interact with members of the nuclear receptor family, inducing dramatic effects on gene expression, reproductive competence and growth (Cooper & Kavlock 1997 , Gillesby & Zacharewki 1998 .
Exposure to PCBs has been clearly linked to developmental/reproductive toxicity in humans, primates, rodents, mink, fish, and other wildlife species (Golub et al. 1991 , Gould et al. 1997 . As PCBs and many other EDs are only slowly metabolized, they tend to be persistent in organisms and can have delayed effects. Although the toxic action of PCBs is usually related to an inhibitory effect on growth (Marks et al. 1989) , stimulatory effects of these chemicals at low doses on growth have also been reported in some animal models (e.g. chicken embryos, Gould et al. 1997) .
Organisms are more sensitive during development than during adulthood because these periods of increased cell division, morphogenesis and differentiation make cells more vulnerable and prone to damage. Regenerating organisms, which reproduce in the adult developmental stages, represent possible bioindicators for pollutant-induced stress at the whole organism, cellular and molecular levels. It is very probable that exposure to PCB contamination can induce variations in times and mechanisms in the physiology of regenerative development. Many echinoderms are benthic animals that are particularly susceptible to the presence of micropollutants stored in marine sediments, including PCBs (den Besten et al. 1989 , Anderson et al. 1994 , Schweitzer et al. 1997 . They therefore offer a wide range of models for studying regenerative developmental processes and assessing the growth-disrupting activity of PCBs. There is good evidence that vertebrate-type steroids can be synthesized in echinoderms and that a number of physiological phenomena related to sexual and asexual reproduction, growth, development and even defence strategies can be regulated and mediated by a combination of endocrine mechanisms analogous to those seen in vertebrates (Shoenmarkers 1979 , 1980 , Shirai & Walker 1988 , Voogt et al. 1990 , Aminin et al. 1995 , Marsh & Walker 1995 , Shubina et al. 1998 . A cytochrome P450 monooxygenase system present in echinoderms is involved in both the metabolism of endogenous substrates, such as steroids, and of xenobiotics (Meyer & Bakke 1977 , Landrum & Crosby 1981 , Malins & Roubal 1982 , Mercier et al. 1994 , den Besten 1998 . In some classes (sea stars, sea urchins), long-term exposure to PCBs results in a general disturbance of steroid metabolism (i.e. lowered levels of steroids) with possible negative consequences for reproductive success and development (Voogt et al. 1984 , den Besten et al. 1989 , 1990a ,b, 1991 , Schweitzer et al. 1997 , den Besten 1998 . While there is considerable published evidence that PCBs can affect steroid metabolism in both larvae and adults, the specific mechanisms of action and interference with hormone regulation have not yet been explored.
The aim of the present paper is to show the impact of PCB exposure on regeneration and to assess the validity of the regenerative response for bioassay. Developmental processes in echinoderms are typically regulated by endocrine and neurohumoral mechanisms (Thorndyke & Candia Carnevali 2001) and are potentially susceptible to interference by ED contaminants. We used the feather star Antedon mediterranea, a typical microsuspension-feeding animal on which persistent sediment-bound micropollutants could have an immediate impact. Filter-feeding species accumulate chemicals at high levels (den Besten et al. 1990a,b) . This phenomenon in A. mediterranea can be particularly relevant not only following ingestion but also via uptake through the widely exposed and unprotected ambulacral epithelium. This species can be maintained in the laboratory for many months and is particularly amenable for the experimental study of regeneration. It is characterised by a frequent and spontaneous arm autotomy followed by prompt and complete regeneration of the arm (Reichensperger 1912 , Clark 1921 . Arm regeneration in A. mediterranea involves an epimorphic blastemal process which has been extensively investigated and reconstructed in detail, particularly with respect to its cellular and molecular aspects (Candia Carnevali et al. 1993 , 1997 . For this reason it provides an ideal experimental model to test tissue and cellular dysfunctions related to regenerative development and growth . Microscopic analysis allows the examination of specific target organs and cells in situ and is the most rapid method to detect adverse and chronic effects in various cells, tissues and organs (Hinton 1997) . Tests were carried out in the laboratory under controlled conditions and at contamination levels similar to those of polluted Mediterranean coastal zones (Geyer et al. 1994 ) but lower than in heavily contaminated areas (Lake et al. 1995) .
MATERIALS AND METHODS
Exposure experiments. Antedon mediterranea were collected by Scuba divers from the Gulf of Taranto and maintained in aquaria at 14°C on a diet of Chlorella sp. and Tetraselmis sp. Exposure to PCBs was performed in static conditions by employing a commercial mixture of Aroclor ® 1260. Glass aquaria (70 l) provided with an internal circulation system exchanging oxygen between overlying air and water were used both for the PCB exposure test and for controls without PCB. Aquaria were filled with 50 l of artificial seawater and covered by glass sheets. An aqueous solution of Arochlor ® 1260 was prepared by adding a small volume of concentrated n-hexane solution to a large volume of water and then evaporating the n-hexane under reduced pressure. The final concentration in water was determined by GC-ECD analysis after extraction by n-hexane (see 'Chemical analysis'). A 100 ml sub-sample of this concentrated solution (312 µg l -1 ) was added to the exposure aquarium 24 h before introducing the crinoids.
Three independent sets of experiments were carried out with individuals collected at different times of the year under similar experimental conditions. The first experiment lasted 7 d; the second and the third lasted 14 d. Water concentration was monitored at fixed regular intervals.
Twenty specimens of Antedon mediterranea were employed for each set of experiments in both exposure tests and controls (20 exposed regenerating individuals; 20 control regenerating individuals). Regeneration was induced following the natural strategies as far as possible, i.e. amputating the arm at the level of the autotomy plane (for details see Candia Carnevali et al. 1993) . Three arms were removed from each experimental animal immediately before introducing the specimens in the respective aquaria. Regenerating samples were collected at 1, 3, 7, and 14 d post amputation (pa). Percentage mortality of the organisms was very low (1 to 2%) and was similar in both the exposed and the control samples.
Chemical analysis. Whole animals were employed for PCB determination. Three specimens were analysed for each regeneration stage. Once the regenerating arm tips were removed for biological analysis (see below), the same individuals were used for chemical analysis. These specimens were collected after 1 and 7 d in Expt 1, after 3, 7, and 14 d in Expt 2, and after 1, 3, 7 and 14 d in Expt 3. Control animals were sampled at the beginning and at the end of the exposure period. Samples were stored frozen and then the whole animals for each stage were homogenised all together and lyophilised. Freeze-dried samples were extracted by acetone-hexane (1:1) in a Soxhlet apparatus and lipid content was determined by weight after solvent evaporation.
Lipids were suspended in 2 ml of n-hexane and digested with concentrated H 2 SO 4 . PCBs were recovered by hexane. The hexane extracts were purified on a Florisil column (4 × 0.7 cm) and analysed by a gas chromatograph equipped with an electron capture detector (GC-ECD) as described in Provini & Galassi (1999) .
The PCB congener concentrations in exposure water samples were determined after n-hexane extraction (10:1, v:v) .
Biological analysis. The regenerating arms sampled were analysed by light microscope (SM, stereomicroscope, and LM, standard light microscope) and electron microscope (TEM, trasmission electron microscope, and SEM, scanning electron microscope) as described in detail in previous papers (see Candia Carnevali et al. 1993) . Additional methods were used for monitoring cell proliferation, employing 5-bromodeoxyuridine (BrdU) and related immunocytochemistry (ICC) protocols (Candia Carnevali et al. 1995 , 1997 , and other ICC methods were used for detecting specific molecules.
Standard light microscopy and transmission electron microscopy: Exposed and control regenerating arms were prefixed with 2% glutaraldehyde in 0.1 M cacodylate buffer for 4 to 5 h, then, after overnight washing in the same buffer, postfixed with 1% osmium tetroxide in the same buffer. After standard dehydration in an ethanol series, the samples were embedded in Epon-Araldite 812. The semithin and thin sections were cut with a Reichert Ultracut E diamond knife, stained by conventional methods (crystal violet-basic fuchsin for LM; uranyl acetate and lead citrate for TEM) and then observed in a Jenaval light microscope and Jeol 100 SX electron microscope respectively.
Immunocytochemistry (ICC):
The samples were fixed in paraformaldehyde 4% / glutaraldehyde 0.1% in 0.1 M phosphate buffer for 2 h. Following an overnight wash in the same buffer, the samples were dehydrated and embedded in Epon-Araldite (see above). This fixation and embedding protocol maintains good tissue integrity and provides good preservation of antigenicity (see Candia Carnevali et al. 1995 , 1997 . It also allows preparation of both semithin sections for LM and of ultrathin sections for TEM. Semithin sagittal sections cut with LKB Ultratome V and Reichert Ultracut E were processed for immunocytochemistry (see below).
BrdU labelling: Cell proliferation was monitored by in vivo incorporation of the substituted nucleotide, BrdU, then later revealed by a monoclonal antibody against BrdU (Cell Proliferation Kit, Amersham). Individuals were immersed in BrdU dissolved in artificial seawater at a final concentration of 0.05% for the final 2 h of the prefixed regeneration periods. This incubation protocol allowed detection of cells actively proliferating immediately before fixation (Candia Carnevali et al. 1995 , 1997 . The standard BrdU-immunocytochemistry protocol for paraffin sections was modified for use with semi-thin Epon-Araldite sections, as described in detail elsewhere (Candia Carnevali et al. 1995 , 1997 . After brief treatment (2 min) with a resin-remover mixture (methanol, propylene oxide and KOH), the sections were rinsed with methanol, then with phosphatebuffered saline (PBS) and incubated overnight at 4°C with anti-BrdU serum diluted 1:100 with nuclease. Pretreatment for 20 min with 0.3% H 2 O 2 in PBS was performed to exclude the activity of endogenous peroxidases. After several washes in PBS the specimens were incubated for 3 h with peroxidase anti-mouse IgG at room temperature and, after a further wash in PBS, incubated for 5 min with 0.05% 3, 3'-diaminobenzidine and 0.03% H 2 O 2 in PBS, and then washed in distilled water. To amplify the peroxidase reaction product, the experiments included use of the cobalt and nickel intensifier supplied with the kit. Control reactions were carried out by omitting the primary antiserum.
Cytochrome P450 labelling: ICC tests were carried out on resin sections according to the specific immunoperoxidase ABC system (Vector) or immunofluorescence methods. For Cytochrome P450 ICC commercial rabbit polyclonal antibodies (StressGen Biotechnology, Victoria, Canada) were used. ICC con-trols were either: (1) preabsorption with the appropriate antigen; (2) replacement of the primary antiserum with non-immune sera of the animal in which the primary was raised; or (3) omission of the primary antibody and incubation in PBS and 1% normal goat serum.
RESULTS

Bioconcentration
PCB congeners in the exposure water showed a gradual decrease of concentration during all 3 sets of experiments. In Expt 3 (i.e. the most complete and definitive test in terms of experimental parameters and collected data) the initial concentration was 77 ng l was 2257 ng per g lipid. In contrast, the total PCB concentration measured in the controls, at the beginning and at the end of the 14 d pa regenerative stages, was rather stable, with a mean value of 745 ng per g lipid. The final PCB concentration in the tissues was 2550 and 8800 ng per g lipid in Expts 1 and 2 respectively.
Gross morphology, microscopic anatomy and immunocytochemistry
The classical methods of LM, TEM and ICC provided basic information on tissue and cell pattern and structure. During the repair phase, between 24 and 48 h pa, and during the early regenerative phase, from 48 to 72 h pa (for a review of the regenerative phases see Candia Carnevali et al. 1993) , the PCB-exposed samples ( (Fig. 2a) . Only a small delay in the healing of the amputation surface and in the overall growth of the regenerating blastema was evident (Fig. 2b) . In contrast, at the advanced regenerative phase (1 wk pa) an unusual increase in growth of the regenerate was clearly evident in all the exposed arms (Fig. 2d) , in comparison to the growth of the standard arms at the same stages (Fig. 2c) . This accelerated growth involved the overall size of the regenerating arm, which appeared much more developed, and the differentiation of its external anatomical structures, such as the lateral pinnules, and internal structures such as the brachial ossicles (Fig. 2d) . These anomalies became progressively more evident at advanced regenerative stages. At 2 wk pa there was an impressive increase in terms of overall growth and development of anatomical features in the PCBtreated samples (Fig. 2f ) in comparison to the controls (Fig. 2e ). The effects at the level of general morphology could also be correlated with the appearance of relevant abnormal features in terms of microscopic anatomy in both the stump and the regenerating arm. During the repair and the early regenerative phases (up to 72 h pa), histological sections of PCB-exposed samples indicated clear anomalies (Fig. 3b) , represented mainly by an unusual hypertrophy and swelling of the coelomic canals of both the stump and the regenerate, as well as marked cell proliferation/migration particularly at the level of the coelomic canals themselves (for a comparison with the control see Fig. 3a ). It is important to emphasize that besides the employment of usual migratory elements, coelomocytes, phagocytes and granule cells (Candia Carnevali et al. 1993) , the migration in the coelom also frequently involved clearly recognizable myocytes, particularly numerous in the coelomic lumen at the blastemal base (Fig. 3b) . The phenomena of coelomic hypertrophy became even more evident at the advanced regenerative phase (1 and 2 wk pa) ( Fig. 3c: control; Fig. 3d : exposed sample). These samples showed that the migratory activity continued to involve a large number of cells, particularly the granule cells, whose widespread presence in the tissues at these advanced stages is very unusual and can be considered a distinctive feature of the exposed samples (Fig. 3g) . The granule cells in standard conditions are extensively and specifically employed during the repair process (Candia Carnevali et al. 1993) . Cell proliferation seemed to be enhanced in the exposed samples. As indicated by BrdU incorporation studies, extensive cell cycle activity was specifically localized at the level of the apical blastema and the coelomic epithelium of both the regenerate and the stump (Fig. 4a,b ) from the early regenerative phase onwards. In addition, and unexpectedly, strong labelling for BrdU was also present at the level of some differentiated tissues of the stump, particularly the muscles (Fig. 4d,e) . In contrast, the muscles were never labelled in the controls (Fig. 4c) . In the muscles of the exposed samples, cell proliferation occurred in parallel with extensive tissue rearrangement and dedifferentiation, particularly evident in the peripherical region of the bundles (Figs. 3f & 4e) . The muscle fibres appeared to lose their usual packed and compact histological structure (Figs. 3e & 4c) and were replaced extensively by other elements such as undifferentiated coelomocytes and phagocytes (Figs. 3f & 4e) . With TEM observation, the presence of a very heterogenous population of myocytes was clear in these bundles, characterized by different differentiation stages of their contractile apparatus, which could possibly be interpreted as progressively dedifferentiating myocytes (Fig. 4f) . The active involvement of these elements in cell division was clearly indicated by BrdU labelling (Fig. 4d,e) . It was significant that these processes of dedifferentiation and cell turnover at the level of the muscles were accompanied, in the adjacent coelomic canals, 161 Fig. 3 . Antedon mediterranea. Histological effects of PCB exposure on arm regeneration. LM sagittal sections of regenerating arms at 72 h pa for (a) control, and (b) PCB-exposed specimens. The PCB-exposed sample shows delayed growth of the regenerative blastema and marked hypertrophic development of the coelomic canals, which are full of migrating cells, including a number of myocytes (double arrowheads). ae, ambulacral epithelium; cc, coelomic canal; m, muscle; n, brachial nerve; rb, regenerative bud; arrow, amputation plane. Scale bars = (a) 100 µm; (b) 100 µm. LM sagittal sections of regenerating arms at 1 wk pa for: (c) control, and (d) PCB-exposed specimens. The abnormal growth of the regenerate in the PCB-exposed sample is evident, as is the hypertrophic development of its coelomic canals. ae, ambulacral epithelium; ra, regenerating arm; cc, coelomic canal; m, muscle; arrow, amputation plane. Scale bars = (c) 100 µm; (d) 200 µm. LM sagittal section of regenerating arms detailing the muscle bundles of the stump at 1 wk pa for (e) control, and (f) PCB-exposed specimens. In contrast to the compact structure of the control muscle, the PCB-exposed sample shows extensive muscle rearrangement/dedifferentiation. c, coelomocytes; my, myocytes. Scale bars = (e) 100 µm; (f) 30 µm. (g) LM detail in sagittal section of a PCB-exposed regenerating arm at 1 wk pa, showing a massive number of granule-cells at the level of the brachial nerve of the stump. Clear signs of vesiculation/degeneration (arrows) are detectable in the surrounding connective tissue. Scale bar = 20 µm. (h) LM detail in sagittal section of a PCB-exposed regenerating arm at 2 wk pa, showing tissue rearrangement involving connective tissue, endoskeleton and muscle (m) close to the coelomic canals (cc). Extensive vesiculation is evident at the level of both the integumental connective tissue and the endoskeletal tissue (arrowheads). Arrows, proliferation of the coelomic epithelium. Scale bar = 50 µm by a massive increase in cell migration/proliferation (Figs. 3h & 4e) . The migratory elements often included, as described above, semi-dedifferentiated myocytes. This was in striking contrast to that observed in standard conditions, where regeneration was typically accomplished by employing undifferentiated stem cells, which are the elements responsible for blastema formation without any involvement of differentiated tissues of the stump (Candia Carnevali et al. 1995 , 1997 . In the PCB-exposed samples a certain rearrangement could also be detected in other tissues of the stump, namely the endoskeleton and the connective tissue (both integumental connective tissue and ligaments) (Fig. 3h) . However, these phenomena were completely different from those seen in the muscles and were associated with an atypical cellular and extracellular pattern. At the level of both the connective and the endoskeletal tissue, tissue rearrangement mostly involved extensive degeneration phenomena (Fig. 3g,h ) which led to an appreciable vacuolization/vesiculation of both the extracellular matrix and the cells (fibroblasts or scleroblasts respectively) and was characterised by the presence of lace-like remains of cell processes and membranes (Fig. 4g,h ). These phenomena were always associated with a marked and unusual presence of phagocytes in the tissues. In contrast with these processes of tissue/cell turn-over localised at the stump level, at the level of the regenerating arm, the differentiation of tissues and cell lines was widely in progress (Fig. 5d,e,f) . On the other hand, in the PCB exposed samples, some unusual features could be appreciated in the ultrastructural pattern of many cell types, including the blastemal cells which showed, in particular, a marked development of endoplasmic reticulum in the form of swollen cisternae of both RER, SER and Golgi complexes (Fig. 5a : control sample; Fig. 5b : PCB-exposed sample). Moreover, an unusual abundance of lipid granules and empty vacuoles appeared to be a distinctive cytological feature of all tissues in the exposed samples (Figs. 4f & 5c, d ). In addition, other results were obtained in terms of possible protective biochemical responses induced by pollutants. Our ICC experiments showed intense immunoreaction for microsomal cytochrome P-450 in the stump tissues at 1 wk pa. It is significant that many cells appeared strongly reactive, particularly at the level of the brachial nerve (Fig. 5g) , the rearranging connective tissue (Fig. 5g ) and the peripheral regions of the muscle bundles (Fig. 5h) .
DISCUSSION
When the exposure time is much less than the time required to establish equilibrium (Connell 1990 ), PCBs accumulate in animal tissues (Fig. 1) . At present the equilibrium times for PCBs in echinoderms are unknown. In molluscs and fish, however, the expected equilibrium times for the less hydrophobic PCBs, which in this case are congener 101 and 110 (Hawker & Connell 1988) , should be 1 mo and 1 yr respectively (Connell 1990 ). Longer equilibrium times are expected for the other more hydrophobic congeners (Connell 1990 ). The 14 d total PCB concentration in Expt 3 (2257 ng per g lipid) is not far from concentrations measured in mussels and other filter feeders collected along the Mediterranean coasts (Picer & Picer 1991 , Galassi et al. 1993 , Geyer et al. 1994 . Interestingly, PCB concentration in the controls did not appreciably decrease during the 14 d period of maintenance in normal non-polluted artificial seawater: the mean value was 3 times lower than that reached by the exposed individuals at the end of the experiment, and is close to the lowest concentrations measured in mussels collected along the Mediterranean coasts (Geyer et al. 1994) .
It is relevant that the PCB profile of gas chromatographic analyses apparently did not differ very much between the commercial Aroclor 1260 ® mixture, exposure water and animal tissues (both tissue extracts at the 4 regenerative stages and controls).
Our results provide clear evidence that prolonged exposure to low concentrations of PCBs, typical of moderately polluted coastal zones (Geyer et al. 1994) results in marked bioaccumulation in Antedon mediterranea. This affects mechanisms regulating growth, cell cycle and proliferation, induces modifications in the developmental regenerative processes involving general growth and tissue/cellular anomalies in a similar way to pseudo-endocrine activities which may be related to steroid dysfunction.
During the repair and the early regenerative phases the PCB-exposed samples do not show significant anomalies in terms of general morphology and external anatomy when compared with the controls. During the advanced regenerative phase, however, accelerated growth is clearly evident in the exposed samples and involves both the overall size of the regenerating arm and the differentiation of its typical anatomical structures. A simple statistical analysis carried out on the measured length of the regenerates at 1 and 2 wk confirms that the differences between the exposed and the control samples were particularly significant (Candia Carnevali et al. unpubl.) . These effects at the level of general growth and morphology are also associated with unusual features at the level of microscopic anatomy in both the stump and the regenerating arm. The following features of exposed individuals were particularly significant in comparison with those found in control samples: (1) hypertrophy and marked swelling of the coelomic canals; (2) massive and prolonged cellular proliferation/migration involving migratory cells (coelomocytes, amoebocytes, phagocytes, granule-cells; Candia Carnevali et al. 1993 , 1997 not only at the level of the usual sites of cell recruitment (coelomic epithelium, brachial nerve, apical blastema) but, unexpectedly, also at the level of the muscle bundles of the stump; (3) extensive rearrangement and/or dedifferentiation specifically involving other differentiated tissues of the stump, namely the muscles, the endoskeleton and the connective tissue. In the muscles in particular, individual myocytes seem to undergo progressive dedifferentiation and acquire the features of undifferentiated migrating coelomocytes actively involved in cell division, as shown by BrdU labelling. It is important to emphasize that this was never observed in standard conditions, where regeneration typically employs undifferentiated stem cells. Interestingly, rearrangement/ dedifferentiation during regeneration at the level of the muscles was previously observed in Antedon mediterranea only in the peculiar case of explants. Explants are isolated arm segments able to regenerate independently from their donor arms ) and represent an extreme condition, in which regeneration is accomplished by employing alternative mechanisms of cell recruitment comparable to those described for PCB-exposed samples. Thus, when exposed to stress, in terms of either trauma or environmental contamination, the regenerative potential is enhanced and blastemal growth and tissue renewal can involve a partial sacrifice of the muscles which seem to directly provide a significant morphallactic contribution to regeneration in terms of reserve cells. Due to the obvious limitations of the static microscopic approach to a dynamic phenomenon, further studies will be necessary to confirm this hypothesis.
In contrast to that observed in the muscles, rearrangement of connective tissue (both integumental and ligamentous) and the endoskeletal tissue (dermaskeleton) mostly involved extensive degeneration phenomena emphasized by the massive and unusual presence of phagocytes and granule-cells (i.e. elements typically employed in repair processes) even at the advanced regenerative stages. This indicates that the connective tissue is employed as a secondary indirect source of reserve materials for new synthesis rather than producing directly undifferentiated cells for regeneration. The extensive cell proliferation and tissue rearrangement found in the PCB-treated samples seem to confirm that exposure to such ED chemicals significantly affects the regulation of growth by directly interacting with the cascade of cellular processes involved in cell cycle and turnover possibly controlled and stimulated, directly or indirectly, by steroid hormones (Marsh & Walker 1995) . Interestingly, in contrast with these phenomena of tissue/cell turnover localised at the stump level, the development/differentiation of tissues and cell lines of the regenerating arm does not show any significant variation with respect to normal regeneration. On the other hand, the unusual ultrastructural features (marked development of endoplasmic reticulum and Golgi complexes, abundant lipid granules and empty vacuoles) shown by many cell types, including the blastemal cells, can possibly be interpreted in the light of activation of cell mechanisms related to steroid synthesis/metabolism (Krstic 1979 , Motta 1984 and/or to detoxification processes (Schoenmakers 1980 , den Besten 1998 . This can possibly be referred to the MO system, which is primarily located in the endoplasmic reticulum (den Besten et al. 1990a (den Besten et al. , 1993 . Data related to the expression of biomarkers that are recognized indicators of possible protective biochemical responses to pollutants, such as mechanisms controlling the levels of free pollutants in the organism or concerning the repair of damage caused by pollutants, are particularly relevant here.
Our ICC results show that in PCB-exposed samples there is an appreciable increase in the expression patterns of specific enzymes such as the microsomal cytochrome P450 monooxygenase system, which are the main enzymes responsible for biotransformation and metabolism of the majority of lipophilic xenobiotics such as PCBs in many vertebrtates and invertebrates, including echinoderms (den Besten 1998). The expression of these factors can be induced in response to a variety of environmental stressors. Since echinoderms are marine deuterostomes closely related to vertebrates, it is not surprising that they show similar induction responses to the same types of xenobiotics. These results clearly reflect toxicant-induced molecular and biochemical aspects of cell physiological alterations and lead us to suggest that exposure to PCBs may induce detoxification processes and related nuclear receptor activities comparable to those known for other invertebrates. The development of specific and direct molecular monitoring methods for exploring endocrine-disrupter induced modulations of nuclear receptor activities in echinoderms will be a useful tool to throw light on these points.
In conclusion, the regenerative response of crinoid echinoderms represents a sensitive test for contamination by endocrine disrupter pollutants and provides an important indication of both unexpected sublethal effects and mechanisms of toxicity of such compounds with respect to those previously known (Colborn & Clement 1992 , Fairley et al. 1996 , Grey et al. 1996 .
